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Abstract

Winter stream temperatures, though infrequently studied, exert important influences on aquatic communities. To quantify
effects of watershed physical characteristics on stream winter thermal regime, 54 streams (watershed area=0.2-7.9 km?;
altitude < 1300 m) on the Olympic Peninsula, Washington, USA were monitored hourly for 4 years. During the study, an
exceptionally warm winter (2015) was used to evaluate influences of watershed characteristics under climatic conditions
similar to those projected for mid-twenty-first century. Four watershed characteristics were hypothesized to influence win-
ter stream temperature: stream size, elevation, solar exposure, and presence of glacial materials overlying bedrock. Larger
streams were associated with colder winter water temperatures and higher thermal sensitivity to atmospheric conditions.
Elevation—the strongest driver of winter stream temperatures—was negatively correlated to stream temperature, except on
the coldest 15 days of winter when it had no influence. Watershed solar exposure had only a marginal influence on how cold
streams were in winter but was positively correlated to diel stream temperature variation and thermal sensitivity. Streams in
watersheds with glacial material overlying the sedimentary bedrock were colder and had less diel variation and lower thermal
sensitivity than streams in watersheds where glacial material was not present. During the warm 2015 winter, the influences
of watershed characteristics on temperature tended to be weaker compared with the other years. These insights improve
our understanding of how watershed physical characteristics influence stream winter thermal regimes and how these winter
thermal regimes vary across landscapes, facilitating development of predictive models, a first step in designing management
plans that account for winter thermal habitat needs.
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Introduction

Water temperature influences the rate of biological and
chemical processes in streams, including the productivity,
behavior, and life histories of aquatic organisms (Allan and
Castillo 2007). These biological influences occur year-round
across trophic levels, affecting production of periphyton,
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invertebrate growth and phenology, vertebrates including
fish and amphibians, and community composition (Ward and
Stanford 1982; Taniguchi et al. 1998; Welsh and Hodgson
2008). Though rates of biological activity peak in summer
when stream temperatures are warmest, winter stream tem-
peratures also exert important influences on stream biota
at all trophic levels (Vannote and Sweeney 1980; Morin
et al. 1999; Kishi et al. 2005; Durance and Ormerod 2007;
Shuter et al. 2012). For fall-spawning salmonids in particu-
lar, winter water temperature regimes influence spawning,
embryonic development rates, timing of emergence, juvenile
rearing, and migration (Bjornn and Reiser 1979; Murray and
McPhail 1988; Holtby et al. 1989; Elliott and Elliott 2010).
These various influences are nuanced in that anadromous
salmonids may have increased juvenile survival and growth
under warmer winter stream temperatures, but accompany-
ing earlier migration may result in reduced marine survival
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(Holtby 1988; Schindler and Rogers 2009; Mantua et al.
2011; Hawkins et al. 2020).

Landscape topography and the position of a stream within
a drainage network affect the relative influences of the ther-
mal processes that determine stream temperature. Stream
temperature patterns generally vary with stream size, as
small, headwater streams have a proportionally greater ther-
mal influence from groundwater than do larger streams lower
in a network (Macan 1958; Caissie 2006). Higher eleva-
tions generally have lower stream temperatures (Ward 1985),
though the elevational gradient in stream temperature does
not always exist during winter months (Isaak et al. 2018).
Aspect, slope, and shading from topography and vegetation
modify the amount of incoming solar radiation, which is
often the dominant source of heat in streams (Brown 1969;
Webb and Zhang 1997; Johnson 2004; Danehy et al. 2005).
Geology within a watershed can also influence the stream
thermal regime via hydrologic influences, as underlying
lithology affects the movement of groundwater (Kelson and
Wells 1989; Carlier et al. 2018; Wirth et al. 2020), which
in turn influences stream temperature (Tague et al. 2007;
Krause et al. 2012; Rosenberry et al. 2016; Briggs et al.
2018). Where glacially derived materials overlie bedrock,
the groundwater stored can significantly influence phreatic
groundwater inputs and streamflow dynamics (Ward et al.
1999; Caballero et al. 2002; Kiser and Hunkeler 2016) and
may thus influence the stream thermal regime.

Though winter stream temperatures have been much less
studied than summer temperatures due in part to regulatory
emphasis on summer maximum temperature (e.g., U.S.
Environmental Protection Agency 1976, 2003), widespread
observations of long-term warming of streams (Webb et al.
2008; Kaushal et al. 2010; Van Vliet et al. 2013) convey an
urgency for a broader approach. Trends toward greater win-
ter precipitation (Warner et al. 2015), warmer winter air tem-
peratures, warmer rain, and reduced snow cover could have
considerable impacts on winter stream temperatures and
on aquatic biota (Regonda et al. 2005; Crozier et al. 2008;
Leach and Moore 2014; Liu et al. 2015). Thus, to manage
stream ecosystems year-round under a changing climate, it is
necessary to deepen our understanding of both how and why
winter stream thermal regimes vary across the landscape. In
this study, we investigated small, fish-bearing streams drain-
ing 54 physically diverse watersheds in the coastal Pacific
Northwest region, USA. The primary objective was to quan-
tify the influence of watershed characteristics (stream size,
elevation, solar exposure, and lithology) on the winter ther-
mal regime of these small streams. Hypothesized watershed
influences were:

H, Stream size is inversely correlated to winter water tem-

perature, with larger streams exhibiting colder water tem-
peratures owing to greater atmospheric exposure.
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H, Higher elevation is associated with colder winter water
temperature in streams.

H; Solar exposure of a watershed—a function of aspect,
slope, and topographic shading—is positively correlated to
its winter stream temperature.

H, In watersheds characterized by glacial materials overly-
ing bedrock, winter stream temperatures will be moderated
at both seasonal and diel timescales, and thus not as cold
overall.

A second objective of this study was to assess how these
factors influenced the winter thermal regime during an
exceptionally warm winter (2015), representative of winter
conditions projected for the mid-twenty-first century (Mar-
lier et al. 2017, Steel et al. 2019).

Methods
Study area

The study was conducted in 54 small, forested watersheds
in the Olympic Experimental State Forest planning area
(OESF), located on the western side of the Olympic Penin-
sula, Washington, USA (Fig. 1). This part of the peninsula
is bordered by the Pacific Ocean to the west and the Strait
of Juan de Fuca to the north. From a population of the 648
watersheds within the OESF that contained land managed
by Washington Department of Natural Resources (WDNR),
the study watersheds were selected through stratified ran-
dom sampling to represent the range of physiographic condi-
tions of WDNR-managed forestland in the OESF. Stratifica-
tion was based on median watershed slope, a surrogate for
the correlated attributes of distance from coast, elevation,
and annual precipitation. Within strata, further criteria for
selection of study watersheds were: (1) stream size at the
outlet is Washington state’s Type 3 stream, equivalent to
the smallest fish-bearing streams and typically 2nd and 3rd
order (Strahler 1957), and (2) at least 50% of the watershed
is WDNR-managed land (with the exception of four water-
sheds in Olympic National Park). The randomly selected
study watersheds average 2.1 km? in size (SD=1.7 km?;
min.=0.2 km% max=7.9 kmz). Near the outlet of each study
watershed, a sample stream reach with length equal to 20
times the stream’s mean bankfull width (but always > 100 m)
was established. Sample reach gradient ranged from 0.8 to
21.1%. The study watersheds were hydrologically uncon-
nected and spanned an elevational range from 27 to 1,288 m
above mean sea level, from the lowest to the highest point
in the watersheds.
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Fig. 1 Locations of 54 monitored watersheds and lithology on the western Olympic Peninsula, Washington, USA

@ Springer



45 Page4of17

W.D. Devine et al.

The study area’s maritime climate is cool and mild. Esti-
mated 30-year mean daily minimum air temperature for indi-
vidual study watersheds in January ranges from — 1.5 to
2.8 °C, and mean daily maximum air temperature in August
ranges from 20.1 to 24.6 °C (PRISM Climate Group 2018).
Estimated 30-year mean annual precipitation among the
study watersheds ranges from 2.15 to 4.14 m, generally
increasing with elevation (PRISM Climate Group 2018).
An average of 77% of annual precipitation falls during the
6-month period 1 October through 31 March, when precipi-
tation averages >0.30 m/month in the study area. Winter
precipitation is predominately rain, though approximately
half of the watersheds are partially in the rain-on-snow zone
(Mote et al. 2005; Nolin and Daly 2006), locally estimated to
have a lower elevational boundary between 300 and 450 m
(C. Snyder, WDNR, Olympia, Washington, personal com-
munication, 2018). None of the streams in this study are
glacially fed.

Lithology of the study area is predominantly marine sedi-
mentary rocks (sandstone and shale), accreted and uplifted
during subduction of the oceanic plate beneath the conti-
nental plate (Fig. 1). In some areas, sedimentary bedrock is
overlain by glacial drift produced by at least four Pleistocene
glaciations that extended from the Olympic Range westward
through the major river valleys (Crandell 1964). The area is
characterized by steep, erodible terrain, becoming mountain-
ous at higher elevations. Soils are moderately well drained
to well drained and are predominantly classified as Andis-
ols, owing to volcanic ash influence across the region (Soil
Survey Staff 2018).

The climax vegetation zones in the study area are Sitka
spruce (Picea sitchensis (Bong.) Carriere) from O to 150 m
elevation, western hemlock (Tsuga heterophylla (Raf.) Sarg.)
from 150 to 550 m elevation, and Pacific silver fir (Abies
amabilis (Douglas ex Loudon) Douglas ex Forbes) from 550
to 1300 m elevation (Franklin and Dyrness 1973). Within
the study watersheds, the most prevalent tree species are
naturally established western hemlock and planted Douglas-
fir (Pseudotsuga menziesii (Mirb.) Franco var. menziesii);
Sitka spruce also is common at lower elevations, as is Pacific
silver fir at higher elevations. Red alder (Alnus rubra Bong.)
is common in riparian and disturbed areas.

Within the OESF, 50 of the 54 study watersheds are on
majority WDNR-managed land, and four are in Olympic
National Park. Whereas the latter four are in old-growth
forest that was never harvested, all WDNR-managed study
watersheds have a history of forest management, with ini-
tial harvests beginning in the early 1900s and peaking in
the 1960s—1980s. At present, these watersheds consist of a
mosaic of second-growth forest, younger third-growth for-
est, and unharvested old growth. Among the 50 watersheds,
35 contain less than 20% young forest (i.e., <25 years of
age), 12 contain 20-40% young forest, and 3 contain > 40%
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young forest. Eight of these 50 watersheds contain more
than 40% old-growth, 16 contain 20-40% old growth, and
26 contain <20% old growth. Extensive clearcutting during
the 1960s—1980s influenced many streams through resulting
sedimentation, debris flows, and the removal of wood from
streams following harvests (Martens et al. 2019). Debris
flows certainly occurred in some of the study streams dur-
ing that era, but stream temperature effects are unlikely to
persist, as rapid reestablishment of vegetation in the region
attenuates temperature effects as early as 6 years after a
debris flow (Foster et al. 2020). Unharvested riparian stream
buffers were first implemented in the OESF in the 1980s,
and since the late 1990s, management under a habitat con-
servation plan effectively created an unharvested buffer at
least 30 m wide on both sides of all small fish-bearing and
perennial non-fish-bearing streams including those in this
study (WDNR 1997). Owing to these buffers, the riparian
forests of all monitored watersheds are characterized by
dense canopies, typically second-growth or, in some loca-
tions, old growth. Stream shade, measured at six locations
per sample reach in summer using hemispherical photogra-
phy (180° field of view), was consistently high for the sam-
ple reaches, averaging 92.1% canopy closure (SD=1.7%;
range 83.4-93.9%).

The Olympic Peninsula contains a dense network of
streams supporting seven species of salmonids; the most
prevalent fish species in the study streams are juvenile coho
salmon (Oncorhynchus kisutch), steelhead/rainbow trout (O.
mykiss), coastal cutthroat trout (O. clarkii clarkii), and scul-
pins (Cottus spp.) (Martens et al. 2019).

Data collection

Stream water temperature (T,,) was measured in one loca-
tion per sample reach at a 60-min interval for water years
2014-2017 (1 October—30 September) using a TidbiT® v2
temperature logger (UTBI-001; Onset Computer Corp.,
Bourne, MA, USA). The temperature loggers have a manu-
facturer’s stated accuracy of +0.21 °C; calibration of each
logger was verified using an ice bath prior to deployment.
Depending on stream channel morphology and substrate
size, loggers were mounted instream using either a weighted
tether assembly or a mount secured to a boulder by epoxy.
To quantify terrestrial microclimate and to help identify
potential dewatering of each stream temperature logger
(resulting from channel migration or periods of low base-
flow), a second TidbiT® logger was installed to monitor air
temperature (T,) at a shaded streambank location at least
1.0 m above ground but within 2.5 vertical meters and 5.0
horizontal meters from the stream logger.

All stream temperature data underwent a rigorous qual-
ity control process that began with automated detection of
extreme T, values (<0 or>20 °C) and large day-to-day
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changes in mean T,, (>2.5 °C) (Sowder and Steel 2012).
These and all other anomalous values were then examined
graphically (plotted over time) and assessed in conjunction
with temporally and spatially proximate stream temperature
records to estimate whether data logger dewatering or mal-
function had occurred. The T, record for each stream was
examined graphically in conjunction with the stream’s T,
record and field notes to identify instances of logger dewa-
tering, burial of loggers under streambed sediments, and
other irregularities. Data determined to have been recorded
by dewatered, buried, or malfunctioning loggers were not
used in analysis.

Metrics describing thermal regime

Many facets of the thermal regime are known to influence
the health and life histories of aquatic biota (Steel et al.
2012; Vasseur et al. 2014; Maheu et al. 2016); therefore, a
set of six metrics was formulated to describe components of
the winter thermal regime (Table 1), including thermal sen-
sitivity (i.e., the slope of the regression relating stream and
air temperature; Kelleher et al. 2012). Based on preliminary
analyses, these metrics were selected for local relevance and
independence but ultimately to reflect facets of the thermal
regime (Steel et al. 2017), in turn based on the natural flow
regime (Poff et al. 1997). Metrics were calculated for every
stream X water year combination (2014-2017) for which less
than 5% of data during the winter analysis period were miss-
ing. For all metrics but DEGDAY, this winter analysis period
was defined as the window of time that encompassed the 90
coldest T,, days (i.e., 24-h mean T,) for all stream X water
year combinations: 16 October through 15 May. Because
degree-day accumulations for the DEGDAY metric were cal-
culated from the beginning of the water year, the analysis

period for DEGDAY began October 1. From all potential
stream X water year combinations (n=216), sufficient data
were present to calculate metrics for 189. Because the rea-
sons for data loss were varied, losses were not concentrated
in any particular type of stream reach.

Predictors of thermal regime

The four watershed characteristics hypothesized to influence
winter stream temperature, and associated data sources, are
listed in Table 2. The spatial distribution of predictor values
is shown in Fig. 2. Multicollinearity was assessed for predic-
tors by variance inflation factor (values ranged from 1.17 to
1.57) and through scatterplots and Pearson correlation coef-
ficients (values were between — 0.5 and 0.5). Other potential
predictors, including modeled mean annual precipitation by
watershed and distance from coast, were considered but not
used because each was highly correlated to elevation. Simi-
larly, watershed area was not used as a predictor because it
was highly correlated to stream bankfull width which was
measured in situ (r=0.85); the two variables can be inter-
preted as largely equivalent in this study.

An index of winter solar exposure was calculated for each
watershed using modeled incoming solar radiation estimated
by the ArcMap 10.5 Area Solar Radiation tool (ESRI 2016).
Preliminary analyses showed that modeled insolation at the
watershed level was a much stronger predictor of winter (and
summer) stream temperature than modeled insolation at the
stream itself; thus, whole-watershed insolation was used as
a predictor. The Area Solar Radiation tool calculated inso-
lation (kWh/m?) for each 10-m cell of a digital elevation
model (DEM) raster surface, based on aspect, slope, latitude,
elevation, sun angle, atmospheric transmissivity, proportion
of radiation that is diffuse, and shadows from surrounding

Table 1 Temperature metrics, calculated by stream and water year, describing the winter thermal regime of small, fish-bearing streams

Component of thermal regime Metric Metric definition

Metric explanation

Magnitude COLDEST15 Mean T, for the 15 days with the coldest

mean daily T,
COLDEST90 Mean T, for the 90 days with the coldest

mean daily T,

Duration DUR6C Longest number of consecutive days with
mean daily T, <6 °C*

Variability DIELVAR Mean diel T,, range on the days used to calcu-
late COLDEST90

Timing DEGDAY

Air—Water Relationship

through 31 Mar

THERMSEN  x for model T, =T,x+ intercept, where T,,
and T, are a stream’s daily means for 1 Dec.

Stream coldness during relatively extreme
events

Seasonal stream coldness, without calendar date
restrictions

Length of time that a stream remains below a
coldness threshold

Diel variability of stream temperature during
winter

Count of days after 1 Oct. to accumulate 1000 The rate at which degree days accumulate,
T,, degree days (0 °C baseline)

with smaller values indicating more rapid
accumulation

A proxy for sensitivity of stream temperature to
atmospheric thermal influence

% 6 °C was selected as the threshold for this metric, as it represents the coldest temperature threshold (nearest 1 °C) that most watersheds fall

below for at least one day, in most water years
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Table 2 Watershed characteristics hypothesized to influence the winter thermal regime of small, fish-bearing streams

Characteristic Definition

Data source

Mean=+std. dev Min  Max

Stream bankfull width (m) Stream width when stage is at the 1.5-
year recurrence interval flood

Elevation (km)? Elevation of temperature monitoring

location above mean sea level
2)3

Solar exposure (kWh/m Mean predicted insolation for entire

watershed, averaged across three dates

Glacial material Fraction (0-1) of watershed mapped
with glacially-derived materials over-

lying the sedimentary bedrock

Field measurements; average bankfull
width measured at six cross sections in
the sample reach

1-m DEM grid for WDNR-managed
lands; USGS 10-m DEM grid for
Olympic National Park

ESRI Spatial Analyst Area Solar
Radiation Tool used with USGS 10-m
DEM®

WDNR 1:100,000 scale geology dataset 0.33+0.38 0.00 1.00

51+19 22 9.2

0.137+0.083  0.028 0.392

0.963+0.098  0.740 1.280

#Predictors are expressed in units chosen for consistent scaling in linear models

bSee text for additional details on methodology

topography (Fu and Rich 2003). Values for diffuse radia-
tion fraction and transmissivity were estimated to be 0.7 and
0.4, respectively, for winter in the study area using satellite
data (NASA 2018). Insolation was modeled for three dates
(winter solstice and 30 and 60 days post-solstice), averaged
across all cells within each watershed, and then averaged
across the three dates to produce an index value. Vegeta-
tive shading was not accounted for in the insolation model.
Directly measured canopy closure was not used as a predic-
tor for two reasons: (1) the dense and extremely consistent
canopy closure among the 54 sample reaches prevented this
from being a useful predictor, as indicated by preliminary
analysis, and (2) canopy closure data were collected in sum-
mer and it is uncertain how well these measurements reflect
winter values, owing to the presence of deciduous riparian
trees (primarily red alder) and shrubs.

Data analysis

Prior to analysis, the data distribution for each metric was
examined to identify the theoretical probability distribution
by which it could be most closely approximated. The metric
DURGC followed a Poisson distribution, specified in the R
glm function as family = ‘poisson’; link = ‘log’, whereas all
other metrics followed a normal distribution (R Core team
2016). The majority of data analyses were performed with
a set of linear models designed a priori according to our
hypotheses of the influences of watershed characteristics
on each stream temperature metric. Because we were not
attempting to create best-fit models, predictors were retained
regardless of statistical significance. Model residuals were
evaluated to verify that model form was reasonable. Linear
regression modeling was performed in R using the ‘glm’ and
‘Imer’ functions of the ‘Ime4’ package (R Core team 2016).

For the study’s primary objective—assessing hypoth-
esized influences of watershed characteristics on winter
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thermal regime—a model was created to estimate the
effect size of each of the four watershed characteristics in
Table 2 for each of the six temperature metrics in Table 1,
across all water years (hereafter, the “watershed model”):

M; = By + pyWY,; + B,BFW,; + BE; + p4S; + psG; + €;

where M; is a temperature metric from Table 1 for the ith
stream, f3, is the intercept, 3, s are coefficients derived from
the data, WY, is water year (a random effect), BFW; is bank-
full width, E, is elevation, S; is solar exposure, G, is pro-
portion of the watershed underlain by glacial material, and
£, is error. The hypothesized influences of each watershed
predictor on temperature metrics are described in Table 3.

For the study’s secondary objective—assessing inter-
annual variation with a focus on the 2015 winter—the
watershed model was run for one study year at a time (i.e.,
without the WY term). Coefficients were compared graphi-
cally across years.

Maps of COLDEST90 were created to demonstrate
how results could be used to provide spatial predictions
of the winter thermal regime at unsampled locations. The
watershed model was used to predict stream temperature
metrics for the population of 648 watersheds from which
the sampled watersheds were selected, using coefficient
estimates from the sampled watersheds. Because bankfull
width data were not available for the 594 non-sampled
watersheds, bankfull width was predicted from watershed
area using a relationship developed from the study sample:

BFW = 0.5684%4"° (R* =0.764)

where BFW is the bankfull width (m) of the stream at the
watershed outlet and A is watershed area (ha). The other
three predictors were available for all watersheds. For brev-
ity, maps of the other metrics are not presented. Finally,
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Table 3 Hypothesized effects of increasing watershed predictor values on metrics describing the winter thermal regime of small fish-bearing

streams
Metric Watershed predictor

Bankfull width Elevation Solar exposure Glacial material
COLDESTI15 Colder (-) Colder (-) Warmer (+) Warmer (+)
COLDEST90 Colder (-) Colder (-) Warmer (+) Warmer (+)
DUR6C More cold days (+) More cold days (+) Fewer cold days (-) Fewer cold days (-)
DIELVAR Increased variation (+) Decreased variation (-) Increased variation (+) Decreased variation (-)
DEGDAY Slower accumulation (+) Slower accumulation (+) Faster accumulation (-) Faster accumulation (-)
THERMSEN Increased sensitivity (+) Decreased sensitivity (-) Increased sensitivity (+) Decreased sensitivity (-)

The direction of the hypothesized effect on the metric (positive or negative) appears in parentheses and can be compared with the study’s results

based on the signs of the coefficients in Table 4

residuals from the watershed model were mapped to identify
potential spatial patterns in model fit.

Results

Winter stream temperatures were relatively mild, averaging
5.7 °C on the coldest 90 days of winter and 3.7 °C on the
coldest 15 days of winter across all study years (Fig. 3). Sub-
zero stream temperatures were recorded only in one water-
shed on two dates. Winter diel T,, variation averaged 0.8 °C
across all watersheds. During winter, study-wide increases
and decreases in mean daily T,, as large as 5 °C occurred
over time periods of 10 or fewer days (Fig. 4). Thermal sen-
sitivity averaged 0.38 study-wide (i.e., T,, increased 0.38 °C
per 1.0 °C increase in T,), with an average R? of 0.75.

Watershed predictors

The watershed models showed strong evidence that multiple
facets of the winter thermal regime varied in association
with stream bankfull width (Table 4). With greater bankfull
width, both COLDEST15 and COLDEST90 were colder,
and it took longer to accumulate degree days (DEGDAY).
Greater bankfull width also was associated with longer
cold periods (DUR6C). As bankfull width increased,
THERMSEN increased, reflecting a greater T, increase
per degree of T, increase in wider streams. Diel T,, varia-
tion (DIELVAR) was not related to bankfull width; of the
six metrics, this was the only one that did not express the
hypothesized effect of bankfull width (Table 3). Bankfull
width was not correlated to elevation (r=-0.17) among the
sampled streams.

Elevation influenced five of the six metrics describing
winter thermal regime, all in the hypothesized direction.
Increasing elevation was associated with lower COLD-
EST90, slower accumulation of degree days (DEGDAY),
longer cold periods (DURG6C), reduced thermal sensitivity
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(THERMSEN), and less diel variation in T,, (DIELVAR).
On the coldest 15 days (COLDEST15), T, did not vary with
elevation.

Solar exposure influenced only one of the four metrics
that broadly quantify seasonal coldness: greater solar expo-
sure was associated with more rapid degree day accumu-
lation (DEGDAY) but had no association with the coldest
15 or 90 days, or the duration of days below 6 °C (COLD-
EST15, COLDEST90, DURG6C, respectively), contrary to
our hypotheses. However, solar exposure was associated
with greater diel variation in T,, (DIELVAR) and with
greater thermal sensitivity (THERMSEN), as hypothesized.

Glacial materials were hypothesized to moderate winter
stream temperatures; no evidence was found supporting this
hypothesis among the metrics describing seasonal coldness
(COLDEST15, COLDEST90, DUR6C, and DEGDAY). To
the contrary, the latter three of those metrics indicated that
glacial materials were associated with colder winter stream
temperatures. Glacial materials did, however, have a moder-
ating effect on diel temperature range (DIELVAR) and also
reduced thermal sensitivity (THERMSEN), as hypothesized.

Water year 2015

Mean air temperature for December 2014 through March
2015, measured in Forks, WA near the center of the study
area, was 7.4 °C, 2.5 °C above the 100-year mean for that
period (4.9 °C) and the second warmest during the past
100 years, behind 1992 (7.7 °C) (National Oceanic and
Atmospheric Administration 2018). For the same Decem-
ber-March period, 2014, 2016, and 2017 had mean T, in
Forks of 4.8, 6.3, and 3.6 °C, respectively. Among the
four water years in this study, stream temperature metrics
showed that 2015 had the warmest winter temperatures
(i.e., COLDEST15, COLDEST90, DUR6C, DEGDAY)
and the greatest diel variation (DIELVAR) (Fig. 3).
However, there was no clear indication that watershed
predictors influenced temperature metrics differently in
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Fig.3 Mean values (with one standard deviation), by water year, of
metrics describing the winter thermal regime of small, fish-bearing
streams; dashed lines represent the 4-year mean. COLDEST15=T,,
on 15 coldest days; COLDEST90=T, on 90 coldest days;

2015 than in the other years (Fig. 5). For most of the
predictor-metric combinations, the coefficients for 2015
were not the largest or smallest of the four-year study, as
would be expected if watershed predictor influences truly
differed in 2015. In nearly all cases where the predictor
coefficients for 2015 were largest or smallest (e.g., the
effect of glacial material on COLDEST90 or the effect of
elevation on DURG6C), the 2015 coefficient was closer to
zero than for the other years, indicating a smaller effect
of the predictor in 2015. Of the 24 predictor-metric com-
binations in 2015, only three (13%) had coefficient con-
fidence intervals that did not include zero. For the 72
such combinations in the other three study years, 36% had
confidence intervals that did not include zero, indicating
that watershed characteristics were weaker predictors of
temperature metrics in 2015 than in other years.

2014 2015 2016 2017

2014 2015 2016 2017

DUR6C =largest number of consecutive days with mean T, <6 °C;
DIELVAR =mean diel T,, range; DEGDAY =count of days to accu-
mulate 1,000 T,, degree days; THERMSEN =thermal sensitivity; see
Table 1

Predictive model

Derived from data from the 54 directly sampled water-
sheds, the following model was used to predict COLD-
EST90 for the 594 unsampled watersheds that constitute
the remainder of the sampling frame:

COLDEST90 = 6.492 — 0.082BFW — 3.365E + 0.208S — 0.380G

where BFW is bankfull width (m), E is elevation (km), S is
solar exposure (kWh/m?), and G is fraction of watershed
underlain by glacial material. The resulting spatial distribu-
tion of predicted COLDEST90 temperatures showed a gen-
eral trend toward warmer temperatures near the coast and
colder temperatures inland at higher elevations but no clear
patterns otherwise (Fig. 6a). The model’s residuals for the
54 directly monitored watersheds also showed no clear pat-
tern that would indicate a spatial bias in the model (Fig. 6b).
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Fig.4 Mean daily T,, for 54
streams (black line) with one
standard deviation (grey shad-
ing) during four water years
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Table 4 Model coefficient estimates with 95% confidence intervals for watershed predictors in models of six metrics describing the winter ther-

mal regime of small fish-bearing streams

Metric Watershed predictor
Bankfull width (m) Elevation (km) Solar exposure (KWh/m?) Glacial material (fraction)

COLDEST15 -0.101 + 0.080 -0.917+1.904 —0.504 +1.465 -0.227+0.441
COLDEST90 -0.079 +0.051 -3.289 +1.209 0.499 +0.931 -0.417 +0.282
DUR6C 0.061 + 0.048 3.914+1.076 -0.355+0.844 0.635 + 0.257
DIELVAR -0.001+0.016 -0.488 +0.391 0.356 + 0.301 -0.143 +0.091
DEGDAY 1.308 + 0.794 93.160 + 18.982 -15.719 + 14.622 4.914 +4.363
THERMSEN 0.009 + 0.006 -0.283+0.155 0.143 +0.119 —-0.037 +0.036

Coefficients for predictors appear in bold type when the confidence interval does not include zero

Discussion

Under a relatively mild maritime climate, watershed
characteristics known to influence stream temperatures in
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summer also influenced the winter thermal regime, though
not always in the same direction or to the same degree.
Although stream temperatures were warmer during the
anomalous winter of 2015, the influences of watershed
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Fig.5 Mean values (with 95% confidence intervals) for coefficients
derived by using the watershed model to predict metrics describing
the winter thermal regime of small, fish-bearing streams. Metrics
are: COLDEST15=T,, on 15 coldest days; COLDEST90=T,, on

physical drivers on thermal regime during that winter
tended to be weaker than in other years.

Watershed predictors

There was strong evidence that, after adjusting for varia-
tion in other watershed predictors including elevation, larger
streams were colder in winter, as expressed through multiple
facets of the thermal regime. This was likely a result of vari-
ation in the relative magnitudes of two thermal influences:
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90 coldest days; DUR6C =largest number of consecutive days with
mean T, <6 °C; DIELVAR =mean diel T,, range; DEGDAY =count
of days to accumulate 1,000 T,, degree days; THERMSEN = thermal
sensitivity; see Table 1

groundwater entering the stream and heat exchange at the
air/water interface. The thermal influence of groundwater on
stream temperature is generally stronger closer to a stream’s
source, where streams are smallest (Macan 1958; Poole and
Berman 2001; Caissie 2006). In these small streams, winter
water temperature is often moderated by the advective heat
influx of groundwater, with its relatively stable year-round
temperature (Erickson and Stefan 2000; O’Driscoll and
DeWalle 2006; Adelfio et al. 2019). Lower in the stream
network, there is greater cumulative surface exposure of
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Fig.6 a Mean stream temperatures on the coldest 90 days of winter
(COLDEST90) as predicted for 594 unsampled watersheds and as
directly measured in the 54 sampled watersheds, and b COLDEST90

streams, with increased opportunity for longwave radiative
heat loss as well as convective heat loss at the air/water inter-
face under cold winter air temperatures. This increased influ-
ence of atmospheric conditions with greater stream size was
evident in the association between thermal sensitivity and
bankfull width (again controlling for effects of other water-
shed characteristics including elevation). This finding is in
agreement with previous research that found smaller streams
had greater groundwater influence and lower thermal sensi-
tivity (Kelleher et al. 2012; Johnson et al. 2020). On a larger
scale, a study of rivers across England and Wales showed
that water temperature in smaller drainage basins was less
sensitive to air temperature than that of larger basins (Garner
et al. 2014). This correlation between thermal sensitivity and
stream size in streams and smaller rivers is not expected to
occur in very large rivers that have substantial thermal iner-
tia and less diel variation (Caissie 2006).

The hypothesized decrease in stream temperature with
increasing elevation was clearly supported by the results,
even though the elevational range among the monitoring
locations was relatively small (364 m). Despite the strong
observed elevation effect, we cannot rule out that other vari-
ables highly correlated to elevation, such as stream gradient
or modeled mean precipitation, may also have had some
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watershed model residuals for the 54 directly measured watersheds on
the western Olympic Peninsula, Washington, USA

influence on stream temperature. The overall influence of
elevation, however, conforms to the anticipated trend of
cooler streams at higher elevations where air is cooler (Seg-
ura et al. 2015; Laizé et al. 2017). This elevational influ-
ence on winter stream temperature is not detectable where
streams frequently approach 0 °C (Crisp and Howson 1982;
Isaak et al. 2018), but such occurrences were quite rare in
this study. We also observed lower diel variation and lower
thermal sensitivity of streams at higher elevations (con-
trolling for variation in stream size and other predictors).
Decreases in thermal sensitivity with elevation were also
reported across a diverse group of rivers on multiple conti-
nents within an elevational range comparable to this study
(48-463 m) (Morrill et al. 2005) and for streams and rivers
in the USA spanning elevations from 17 to 3680 m (Johnson
et al. 2020). Streams from a wide elevational range across
Washington and Oregon showed a pattern in which colder,
higher-elevation streams had significantly lower thermal
sensitivity during summer, a pattern attributed to the con-
tributions of snowmelt (Luce et al. 2014). The presence of
snow may have influenced the stream thermal regime of the
higher-elevation watersheds in the present study, but the
extent of such an effect is unknown owing to a lack of data
on snow accumulation. In the absence of a snow monitoring
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station in the area, an attempt was made to quantify snow
accumulation by using daily satellite imagery, but this was
precluded by frequent cloud cover. One of the only studies
directly examining rain-on-snow influence on temperature
of small streams was conducted in a climatically comparable
study area in British Columbia, Canada (Leach and Moore
2014). That study showed that the presence of snow on the
ground decreased stream temperatures by 1-2 °C during
rain-on-snow events, relative to rain-on-ground events.

Among the four watershed predictors, solar exposure had
the weakest association with winter low stream tempera-
tures. We attribute this pattern to a generally low level of
solar radiation reaching the watersheds in winter. In addi-
tion to the frequent cloud cover resulting from maritime
climate influences, the streams are well-shaded owing to
a dense riparian forest canopy in combination with steep,
deeply incised topography and a solar angle that reaches
a maximum of only 21° above the horizon at solar noon
in mid-January. Yet, despite these conditions, watersheds
with greater solar exposure were, as hypothesized, associ-
ated with greater diel temperature variation and increased
thermal sensitivity. Thus the influence of solar exposure in
winter was sufficient to produce these relatively small fluc-
tuations in stream temperature, but insufficient to produce
a detectable impact on overall winter stream temperature.

Watersheds with glacial material overlying bedrock
were associated with colder winter stream temperatures;
the direction of this influence was unexpected because pre-
vious studies reported that relatively permeable substrate
(such as glacial drift) moderated seasonal extremes in
stream and river temperatures through groundwater’s cool-
ing influence in summer and warming influence in winter
(Garner et al. 2014; Laizé et al. 2017). Permeable glacial
outwash substrate was observed to be one of the strongest
thermally moderating factors in a large-scale analysis of
summer stream temperature variation in the Puget Sound
region, Washington (Booth et al. 2014). Though it remains
unclear why our findings differed from those of the afore-
mentioned studies, we did observe evidence suggesting that
glacial materials were associated with more stable stream
temperatures, in their reduced diel stream temperature range
and lower thermal sensitivity. A more complete understand-
ing of the influence of geology on stream temperature in the
study area would likely require dedicated sampling and a
process-based modelling approach.

Climate influence

During the last three decades, there has been a warming
trend in minimum daily stream temperature in the Pacific
Northwest, particularly during winter (Isaak et al. 2012;
Arismendi et al. 2013). During winter 2015, the air tem-
perature anomaly of +2.5 °C was comparable to projections

for the mid-twenty-first century (Marlier et al. 2017). Most
of our metrics of the winter thermal regime shifted in 2015
(warmer temperatures and greater diel variation), though
thermal sensitivity did not. Despite these shifts in metrics,
the influences of watershed characteristics on stream tem-
perature in 2015 were not distinct compared to the other
study years and even trended somewhat weaker. This may
be because conditions in winter 2015 were less winter-like
and so the thermal processes affected by watershed charac-
teristics were not expressed as strongly that winter. Thus,
if winter 2015 is a proxy for future winter climate condi-
tions, future winter stream temperatures are expected to be
warmer, with weakened influences of the watershed char-
acteristics examined here. This would consequently have a
homogenizing effect across the diversity of winter thermal
regimes, with current differences among watersheds (e.g.,
Fig. 6a) declining, at least within the range in climate condi-
tions observed in this study. A decline in thermal heteroge-
neity among streams due to warmer winters was documented
in the Copper River Delta of Alaska, a result of reduced
snowpack and ice in warm years (Adelfio et al. 2019). Our
findings suggest that a climate-related decline in stream
thermal heterogeneity across the landscape may extend to
climates where snow and ice melt are not major drivers of
stream temperature.

Implications

Winter stream temperature affects phenology of life-history
transitions in aquatic organisms, competitive interactions,
and food web dynamics (Cunjak and Power 1987; Bradley
and Ormerod 2001; Kishi et al. 2005; Schindler and Rog-
ers 2009; French et al. 2016), but the effects of a continu-
ally changing winter thermal regime remain challenging
to predict. Salmonids, for example, will be influenced by
species-specific thermal responses and tolerances at various
life stages (Murray and McPhail 1988; Giannico and Hinch
2003; Crozier et al. 2008; Finstad et al. 2011; Shuter et al.
2012; Steel et al. 2012). Winter temperatures may affect the
juvenile rearing stage for the study area’s steelhead, cut-
throat trout, and coho salmon that are present during win-
ter. For fall-spawning species, including chum salmon (O.
keta), Chinook salmon (O. tshawytscha), and coho, winter
temperatures are likely to influence timing of emergence
and egg and fry development. A species’ habitat range will
also determine how it is affected by a shifting winter ther-
mal regime. In the study region, smaller, lower-elevation
streams are often dominated by coho salmon and cutthroat
trout, while higher-gradient headwater streams are occupied
by cutthroat trout and, to a lesser degree, steelhead (Mar-
tens and Dunham 2021). A spatially explicit understanding
of projected winter thermal regimes coupled with known
thermal responses at the species level will facilitate targeted
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climate adaptation strategies (e.g., Halofsky et al. 2011) and
help optimize allocation of management and monitoring
activities.

This study quantifies facets of the winter thermal regime
of small fish-bearing streams and relates these facets to mul-
tiple watershed characteristics. Our direct measurements,
and our predictions across the broader study region (Fig. 6a),
show that even streams in adjacent small watersheds can
have significant thermal differences if watershed character-
istics differ. Given this spatial variation in winter thermal
regime—and the fact that direct monitoring of all streams
at this scale is rarely feasible—our findings point to the
value of assessing winter temperatures through a modelling
approach based on remotely sensed watershed characteris-
tics. Because we were able to detect influences of watershed
attributes within a study area characterized by a relatively
homogeneous climate and a narrow elevational range, we
expect that application of this approach at a broader geo-
graphic scale, with greater elevational, geologic, and climate
variability, would provide additional insight regarding the
influences of local watershed attributes on stream thermal
regime. Whereas the influences of watershed characteristics
are expected to vary by region owing to differences in cli-
mate, physiography, and vegetation, the capacity to develop
large-scale predictive models using watershed characteristics
is rapidly increasing with the growing accessibility of public
stream temperature data sets (e.g., NorWeST, Isaak et al.
2017) and topographic data sets (i.e., DEMs), which have
global coverage (U.S. Geological Service 2019).

The relatively small number of studies on winter stream
temperature continues to hamper our understanding of how
winter thermal regimes are distributed across landscapes
and how aquatic biota may respond to altered or warmer
winter regimes. Our models of the current distribution of
winter thermal regimes and of watershed-scale drivers can
help managers understand where on the landscape unique
winter thermal regimes may exist now. Observations from an
anomalous year suggest how these distributions may appear
in the future and are a first step in designing management
plans that account for winter thermal habitat needs.
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